Background: Glucocorticoids are effective anti-inflammatory drugs widely used in dermatology and for the treatment of blood cancer patients. Unfortunately, chronic treatment with glucocorticoids results in serious metabolic and atrophogenic adverse effects including skin atrophy. Glucocorticoids act via the glucocorticoid receptor (GR), a transcription factor that causes either gene transactivation (TA) or transrepression (TR). Compound A (CpdA), a novel non-steroidal GR ligand, does not promote GR dimerization and TA, retains anti-inflammatory potential but induces fewer metabolic side effects compared to classical glucocorticoids when used systemically. As topical effects of CpdA have not been well studied, this work goal was to compare the anti-inflammatory and side effects of topical CpdA and glucocorticoids and to assess their effect on GR TA and TR in keratinocytes. Methods: We used murine immortalized keratinocytes and F1 C57BlxDBA mice. Effect of glucocorticoid fluocinolone acetonide (FA) and CpdA on gene expression in keratinocytes in vitro and in vivo was evaluated by reverse transcription-PCR. The anti-inflammatory effects were assessed in the model of tumor promoter 12-O-tertradecanoyl-acetate (TPA)-induced dermatitis and in croton oil-induced ear edema test. Skin atrophy was assessed by analysis of epidermal thickness, keratinocyte proliferation, subcutaneous adipose hypoplasia, and dermal changes after chronic treatment with FA and CpdA. Results: In mouse keratinocytes in vitro and in vivo, CpdA did not activate GR-dependent genes but mimicked closely the inhibitory effect of glucocorticoid FA on the expression of inflammatory cytokines and matrix metalloproteinases. When applied topically, CpdA inhibited TPA-induced skin inflammation and hyperplasia. Unlike glucocorticoids, CpdA itself did not induce skin atrophy which correlated with lack of induction of atrophogene regulated in development and DNA damage response 1 (REDD1) causatively involved in skin and muscle steroid-induced atrophy. Conclusions: Overall, our results suggest that CpdA and its derivatives represent novel promising class of anti-inflammatory compounds with reduced topical side effects. 
INTRODUCTION
Glucocorticoids are among the most effective anti-inflammatory drugs. They are also extensively used as anti-cancer drugs, especially for the treatment of patients with hematological malignancies. 1 In animal models glucocorticoids decrease/prevent skin carcinogenesis mostly by blocking skin inflammation. 2 Unfortunately, prominent therapeutic effects of glucocorticoids are often accompanied by numerous metabolic and atrophogenic adverse effects including skin atrophy that develops after steroid topical application. 1, [2] [3] [4] [5] Glucocorticoid effects are mediated by their receptor (glucocor-ticoid receptor, GR), a well known transcription factor. [6] [7] [8] [9] [10] Upon glucocorticoid binding, GR undergoes phosphorylation, dimerization and translocates to the nucleus, where it regulates gene expression positively (transactivation, TA) or negatively (transrepression, TR). TA in most cases requires GR-homodimer binding to palindromic glucocorticoid-responsive elements (GRE). The TR mechanisms are more diverse and include tethering of GR monomer to other transcription factors including major proinflammatory factors NF-B and activator protein 1 (AP-1); binding of GR to negative GREs; alteration of the composition of the transcription-initiating enhanceosome. 1, 6, [9] [10] [11] [12] The blockage of pro-inflammatory transcription factors by glucocorticoids via negative protein-protein interactions with GR is still viewed as a central molecular component of the therapeutic effects of glucocorticoids, even though the recent data showed that the GR TA is important for its complete antiinflammatory potential. 1, 6, 11, 13, 14 For example, GR tethering to NF-B and some other transcription factors results in inhibition of a wide variety of pro-inflammatory genes including inflammatory cytokines, adhesion molecules, and matrix metalloproteinases (MMPs). 4, 6, 9, 10, [14] [15] [16] Our previous work showed that GR TR is also very important for anti-cancer effects of GR signaling.
1,2
On the other hand, GR dimerization and gene activation significantly contribute to metabolic and atrophogenic adverse effects of glucocorticoids. 1, 3, 4, 13, 14, 17 Thus, alternative ligands that inhibit GR dimerization/GR TA are expected to have a significantly improved therapeutic index compared to classical glucocorticoids. 1, [18] [19] [20] Skin atrophy affects all skin compartments and compromises the barrier function of the skin. [2] [3] [4] [5] The molecular mechanisms of steroid-induced skin atrophy are poorly understood. We recently discovered that one of the GR target genes in skin -regulated in development and DNA damage responses 1 (REDD1) is causatively involved in steroid atrophy. 17 REDD1 is an important negative mTOR regulator, and also acts as atrophogene in muscle. 21, 22 In this work, we for the first time used REDD1 as a molecular marker of skin atrophy in vivo. There has been an extensive search for alternative GR ligands called selective GR activators (SEGRA) that retain therapeutic activity of classical glucocorticoids but have fewer side effects. Recently several SEGRA that do not induce GR TA have been designed or selected by the screening of chemical libraries by Pfizer, Abbott/Ligand and Bayer Schering Pharma, and some of them such as maprakorat went to clinical trials. 4, 11, [18] [19] [20] 23 In addition, there is a growing interest to natural products that behave as SEGRA. One of novel GR ligands is 2-(4-acetoxyphenyl)-2-chloro-N-methylethylammonium-chloride, also called compound A (CpdA). CpdA is a synthetic analogue of aziridine precursor from the Namibian shrub Salsola tuberculatiformis Botschantzev. 1, 24 We showed that CpdA acts as GR ligand: it strongly competed with glucocorticoids for GR binding, and induced GR nuclear translocation. 1, [25] [26] [27] [28] However, unlike classical glucocorticoids, CpdA did not induce GR phosphorylation or dimerization, and did not efficiently induce GR TA. 1, [25] [26] [27] [28] At the same time, CpdA strongly inhibited pro-inflammatory gene expression, was very effective in counteracting inflammation in numerous animal models when used systemically, and exerted strong anti-cancer effects in vitro and in vivo. 1, [25] [26] [27] [28] [29] [30] Importantly, in contrast to glucocorticoids
CpdA had fewer metabolic side effects related to glucose control, maintenance of the hypothalamo-pituitary-adrenal (HPA) axis bone metabolism, and muscle atrophy. 1, 25, 26, [29] [30] [31] The studies of topical CpdA effects in skin have been limited, and yielded controversial results. 5, 32 In addition, the effects of CpdA on GR activity in keratinocytes have not been investigated.
As effect of GR ligands on gene expression strongly depends on the cell type, 12, 33, 34 in the presented work, we assessed CpdA effects on gene expression in keratinocytes in vitro and in vivo. We also evaluated the atrophogenic and anti-inflammatory effects of topical CpdA in comparison to fluocinolone acetonide (FA) using model of contact dermatitis induced by tumor promoter and irritant 12-O-tetradecanoylphorbol-13-acetate (TPA). We found that CpdA did not activate GR-dependent genes including atrophogene regulated in development and DNA damage response 1 (REDD1). At the same time, CpdA mimicked the inhibitory effect of glucocorticoids on the expression of key anti-inflammatory genes; inhibited skin inflammation and hyperplasia induced by TPA; but did not induce skin atrophy. This suggested good dissociation of therapeutic/atrophogenic side effects in case of topical application of this SEGRA.
MATERIALS AND METHODS

Chemicals
FA, TPA, Croton oil (CO) and all other chemicals unless stated otherwise were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA). CpdA was synthesized as previously described. 28 
Keratinocyte cell cultures
3PC murine immortalized keratinocytes 35 , and growth factors as described.
Luciferase assay
The Firefly Luciferase glucocorticoid-responsive reporters TAT-Luciferase (Luc) and MMTV-Luc, and NF-B reporter × 3 B-Luc were described previously. 28 The 
RNA isolation and reverse transcription-PCR
3PC cells at 70% confluence were treated with CpdA (10 -10 −6 M) or 0.01% acetone for 8 to 24 hours (3PC cells). Animals were treated topically with TPA, CpdA or FA as described below. Skin was harvested and epidermis was mechanically isolated from dermis by scraping as described. 36 Total RNA was isolated from cells or epidermis by Tri-Reagent (Sigma-Aldrich) according to the manufacturer's protocol. The gene expression levels were assessed in samples of epidermis from individual animals (3-4 animals/ group) using two-step reverse transcription-PCR. Reverse transcription was performed using 1 g RNA, random hexamers and M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) followed by PCR with Taq DNA polymerase (Promega) using specific primers designed with NCBI Primer-BLAST (http://www.ncbi.nlm.nih. gov/tools/primer-blast/). Amplified PCR products were run on 1.5% agarose gels, digitally acquired on a ChemiDoc XRS TM image documentation system and quantitated with Quantity One software (Bio-Rad, Hercules, CA, USA). The relative fold change was calculated by normalized to GAPDH, a reference housekeeping gene. Statistical analysis was performed as described below. PCR primers used were Sgk1: forward, 5ˊ-AGC CTC TCC AGT TGA AAC CA -3ˊ, reverse, 5ˊ-GAA TCC ACA GGA GGT GCA TAG -3ˊ, Gilz: forward, 5ˊ-CAT GGA GGT GGC GGT CTA TCA -3ˊ, reverse, 5ˊ-GCG TCT TCA GGA GGG TGT TCT -3ˊ, Fkbp51: forward, 5ˊ-TGA GGG CAC CAG TAA CAA TGG -3ˊ, reverse, 5ˊ-CAA CAT CCC TTT GTA GTG GAC AT -3ˊ, Mmp3: forward, 5ˊ-CGT GGT ACC CAC CAA GTC TAA -3ˊ, reverse, 5ˊ-CCT TGA GTC AAC ACC TGG AAA -3ˊ, Mmp9: forward, 5ˊ-CTT TGA GTC CGG CAG ACA AT -3ˊ, reverse, 5ˊ-TGC CTG TGT ACA CCC ACA TT -3ˊ, Mmp13: forward, 5ˊ-GAA GTG TGA CCC AGC CCT ATC -3ˊ, reverse, 5ˊ-GTC TTC CCC GTG TTC TCA AAG -3ˊ, Il1: forward, 5ˊ-CGA AGA CTA CAG TTC TGC CAT T -3ˊ, reverse, 5ˊ-GAC GTT TCA GAG GTT CTC AGAG -3ˊ, Il1: forward, 5ˊ-TCC TGA ACT CAA CTG TGA -3ˊ, reverse, 5ˊ-CCA GCA GGT TAT CAT CAT -3ˊ, Il6: forward, 5ˊ-CCA AGA GGT GAG TGC TTC CC -3ˊ, reverse, 5ˊ-CTG TTG TTC AGA CTC TCT CCC T -3ˊ; Ddit4 (Redd1): forward, 5ˊ-GGGCCGGAGGAAGACTCCTCATA-3ˊ, reverse, 5ˊ-CTGTATGCCAGGCGCAG GAGTTC-3ˊ. Gapdh: forward, 5ˊ-CAA CTT TGG CAT TGT GGA AGG -3ˊ, reverse, 5ˊ-ACA CAT TGG GGG TAG GAA CAC -3ˊ.
Animal treatments
We used F1 C57BlxDBA mice (B6D2; Jackson Laboratory, Bar Harbor, ME, USA) that are sensitive to contact dermatitis induced by TPA, 37 and well characterized in terms of their response to topical glucocorticoid FA. 38 All animal experiments were performed in compliance with Animal Care and Use Committee protocol approved by the Northwestern University Animal Care and Use Committee.
1) Contact dermatitis test
Back skin of 7 to 8 weeks old animals (3-4 animals per group) was shaved, and treated three days later with TPA (2 g/animal) after 1 hour pretreatment with vehicle (acetone), CpdA (20-40 g) or FA (2 g). All compounds were applied in 200 L of acetone topically. Control animals were treated with acetone only. Effects of CpdA and FA on TPA-induced inflammation and proliferation in back skin, were evaluated 24 hours after TPA application. To assess proliferation, animals were injected i.p. with bromodeoxyuridine (BrdU; Sigma-Aldrich; 50 g/g of animal weight) 1 hour before skin was harvested as in. 36 
2) Ear edema test
We used the standard ear edema test to evaluate antiinflammatory effect of GR ligands. 5, 17, 19, [39] [40] [41] [42] [43] [44] To induce edema, CO (2.5 % solution in acetone) was applied to the back of the right ear lobe of each mouse, and solvent was applied to the left ear lobe as an internal control. Animals were pretreated with solvent (acetone), CpdA (20 g) or FA (1 g) 1 hour before the application of irritant. All compounds were applied in 10 L acetone. Animals were sacrificed 9 hours after CO application when maximum swelling was achieved, 17 and wet weight of 4 mm ear punches was determined as the major read-out of inflammation as in.
3) Induction of skin atrophy To evaluate atrophogenic effects, FA (2 g/animal) or CpdA (20-100 g/animal) were applied to the back skin of B6D2 animals every 24 hours for four consecutive days. We showed previously that this regimen of treatment induces similar skin atrophy in B6D2 mice as FA chronic application for two weeks. 38 
Histological analysis and immunostaining
The skin samples were fixed in formaldehyde, embedded in paraffin, and stained with H&E; Masson's trichrome to evaluate changes in dermal collagen fibers; or with anti-BrdU antibodies (BD Biosciences, San Jose, CA, USA) to determine proliferation as described. 38 
Morphometric analysis.
Quantitation of the epidermal width (as the readout for skin thinning) and dermal cellularity (as the readout for inflammation) were performed in dorsal skin sections stained with hematoxylin and eosin. At least 20 individual fields per slide with at least three skin samples from individual animals in each experimental group were counted using Axioplan2 microscope software (Carl Zeiss, Oberkochen, Germany). The epidermal thickness and dermal cellularity in treated animals are presented as the percentage of those parameters in control animals.
To assess keratinocyte proliferation, the number of proliferating (BrdU-positive) and total basal keratinocytes was evaluated in each skin sample, in 25 individual fields of view under the microscope. Number of BrdU-positive cells is presented as percent of total number of basal keratinocytes.
Statistical analysis
All experiments were repeated at least three times. Data is presented as the means values ± SEM that were determined using the commercial software Excel 2007 (Microsoft, Redmond, WA, USA). The treatment effects in each experiment were compared by one-way ANOVA using the GraphPad statistical software package (GraphPad software, La Jolla, CA, USA) and Tukey post-test. Differences between groups were considered significant at P ＜ 0.05.
RESULTS
Effect of compound A on gene expression in keratinocytes in vitro and in vivo
We compared GR activation by CpdA and the glucocorticoid fluocinilone acetonide (FA)-a medium-potency corticosteroid frequently used in dermatology 5 in vitro, in 3PC mouse nontransformed keratinocytes expressing functional GR, 35 and in vivo, in mouse skin. Both, in vitro and in vivo CpdA was applied at previously reported effective concentrations [25] [26] [27] [28] [29] [30] which were 5-10-fold higher compared to glucocorticoids possibly reflecting lower GR affinity. 1 In 3PC keratinocytes, CpdA acted as partial GR antagonist: it did not activate GR in Luciferase assay with glucocorticoidresponsive MMTV-Luciferase and TAT-Luciferase reporters (Fig.  1A) , and did not activate well-known GR target genes Fkbp51, also called Fkbp5 (FK506 binding protein 5), Gilz (glucocorticoidinduced leucine zipper) 40, 41 and Sgk1 (serum/glucocorticoid regulated kinase 1) (Fig. 1C-1) . 42, 43 At the same time, CpdA significantly, even though weaker than classical GR antagonist RU486, inhibited FA-induced GR activation (Fig. 1A) . The GR TR was assessed by the inhibitory effect on NF-B activation by TNF- using previously described × 3 B-Luc reporter 25, 28 and by the effect on the expression of endogenous MMP genes negatively regulated by glucocorticoids. 4, 6, 9, 10 Both GR ligands significantly inhibited TNF-−induced NF-B. Luciferase (Fig. 1B ) and the expression of MMPs (Fig. 1C-2 ).
Our recently published DNA arrays suggested that basal expression levels of many cytokines and MMPs were only weakly affected by FA in mouse skin (GEO Submission GSE59151). Thus, in vivo, we compared the effects of FA and CpdA on gene expression in epidermis after skin was topically treated with irritant/tumor promoter TPA to induce pro-inflammatory genes.
Interestingly, the expression of the direct GR targets such as Fkbp51 and Gilz was significantly inhibited by TPA in epidermis ( Fig. 2D-2) . While CpdA did not modulate TPA-induced changes, animal pretreatment with FA resulted in complete reversal of TPA effect on Fkbp51 and Gilz expression. The inhibitory effects of CpdA and FA on Il-6, Il-1, Il-1, Mmp3 and Mmp13 expression induced by TPA were overall similar (Fig. 2D-1) . However, quantitatively the TR effect of FA was stronger, especially in context of Il-1/, and Mmp3 genes. Overall, the in vivo results confirmed the dissociated ligand profile of CpdA that was revealed in keratinocytes in vitro.
Topical compound A exerts anti-inflammatory activity in skin.
Next, we evaluated CpdA effect on inflammation and keratinocyte proliferation using a model of contact dermatitis induced by topical TPA in skin of B6D2 mice. Following previous experimental design, 25 and CpdA at doses 20 to 40 g, and in some cases, 100 g/animal.
As expected, a single application of TPA on the dorsal skin resulted in skin inflammation characterized by typical extensive leukocyte infiltration, combined with increased keratinocyte proliferation and epidermal hyperplasia (Fig. 2A~2C) . Short (1 hr) pretreatment with FA or CpdA resulted in notably reduced skin inflammation, as evaluated by gross skin morphology and quantitative analysis of dermal infiltration with leukocytes: FA reduced the effect of TPA on dermal infiltration by 55 % and CpdA by 21% ( Fig. 2A and 2B ).
In addition, we assessed FA and CpdA effect on CO-induced ear edema -one of the tests of choice to study the effect of new antiinflammatory compounds. 5, 19, 17, 39 The anti-inflammatory effect of GR ligands was quantitatively assessed by ear weight 9 hours after application of irritant when ear swelling in B6D2 mice reaches its maximum. 17 The pretreatment with FA or CpdA reduced the effect of TPA on ear edema by 35% and 25% accordingly. The cutaneous inflammatory response to TPA was accom- panied by epidermal hyperplasia. CpdA inhibited keratinocyte proliferation induced by TPA by 25% to 45% in a dose-dependent manner (Fig. 2C) , which consequently resulted in inhibition of TPA-induced epidermal hyperplasia. A further increase of CpdA dose to 100 g/mouse did not result in the increased TPA counteraction by CpdA (data not shown).
CpdA does not induce skin atrophy
In humans and mice, topical glucocorticoids induce skin atrophy that affects all skin compartments. [2] [3] [4] [5] 17, 38, 45 We used continuous regiment of treatment to compare the effects of GR ligands on skin hypoplasia. After four daily applications of FA (2 g/animal), keratinocyte proliferation was completely blocked, and the epidermal thickness was reduced by 45%-50% (Fig. 3A and 3C ). FA also affected collagen fiber packaging and orientation, and induced severe atrophy of subcutaneous fat as evident in sections stained by both H&E and Mason's trichrome (Fig. 3A) .
In striking contrast, CpdA (20-100 g) did not significantly affect keratinocyte proliferation after one or two applications, and even modestly increased it after longer treatments (Fig. 3B ). This pro-proliferative effect of CpdA in keratinocytes may reflect the partial inhibition of endogenous GR signaling due to CpdA antagonistic effect on GR activity (Fig. 1) .
We recently showed that REDD1 plays a causative role in skin atrophy induced by glucocorticoids. 17 Interestingly, the inability of CpdA to induce skin atrophy and epidermal hypoplasia correlated with weak, borderline induction of REDD1 by CpdA (Fig. 3D ).
DISCUSSION
Traditionally, the focus in the search for novel dissociated GR ligands has been on the compounds for systemic use. 4, 20, 23 Consequently, both therapeutic and side effects of selective GR modulators in skin have not been well investigated. The major goals of our study were to determine the effects of the novel GR modulator, CpdA, on gene expression in keratinocytes, and to evaluate the anti-inflammatory and atrophogenic effects of topical CpdA applications in vivo.
Our previous studies revealed the remarkable capability of CpdA to shift GR function towards TR due to inefficient GR dimerization and phosphorylation at S211 required for the maximal GR TA; and/or selective recruitment of transcriptional co-repressors, such as NCoR and SMRT to GR after CpdA exposure. 1, [25] [26] [27] 29 We showed here that CpdA did not significantly activate glucocorticoid-responsive endogenous genes in keratinocytes. Even more, CpdA acted as a partial GR antagonist when keratinocytes were treated with CpdA ＋ FA. At the same time, CpdA was proficient in TR of whole cohort of endogenous genes related to inflammation, such as interleukins and MMPs both in vitro and in vivo. It is well accepted in the field that the mechanisms underlying GR TA and GR TR are different. GR TA is mostly mediated via binding of GR homodimer to the glucocorticoid responsive elements in gene promoters/enhancers, while GR TR is in many cases mediated via binding of monomeric GR to other transcription factors such as NF-B. 1, 4, 5, 10, 11 It is possible that the unparalleled capability of CpdA to dissociate GR TA and TR could be explained by inability of CpdA to induce GR dimerization upon binding to the receptor. The inhibitory effect of CpdA on interleukin (IL)-6, IL-1, and Mmp3 expression was weaker compared to the effect of glucocorticoid FA ( Fig. 1 and 2 ). It is known that these pro-inflammatory genes are regulated by both NF-B and AP1. 9, 10, 15 Interestingly, in our recent paper, 46 we
showed that at least in some cell types CpdA has a unique capability to selectively inhibit NF-B but not AP-1 activity, which may explain the weaker TR effect of CpdA in context of genes regulated by AP-1. We demonstrated here that CpdA has an anti-inflammatory potential when used topically in a mouse model of contact dermatitis. In our studies, we followed the design of our previous experiments with systemic CpdA delivery, 25, 26 and used 10-20 fold higher doses of topical CpdA compared to glucocorticoid FA. Overall, in topical treatments the anti-inflammatory effect of CpdA was very consistent, but less pronounced than effects of the glucocorticoid. As systemic treatment with CpdA resulted in strong, comparable to glucocorticoids anti-inflammatory activity, 25, 26, 29, 30 it is possible that moderate effect of topical CpdA could reflect its incomplete penetration through the stratum corneum-an important step that defines steroid potency. 47 It was reported recently that topical CpdA at very high, milligram range of doses could aggravate the pro-inflammatory and pro-proliferative effect of TPA possibly due to the induction of c-jun and some cytokines including IL-6. 32 Those in vivo data are in line with the findings in our recent article 46 demonstrating that CpdA can in some cell types enhance AP-1 activity and consequently can increase expression of AP-1-dependent genes including c-Jun, IL-6, and Mmp-3. Moreover, in the same study, we found that in contrast to glucocorticoids, CpdA failed to block up-stream JNK kinase activation and c-Jun phosphorylation activated by TPA, TNF-, and other inducers. Overall, the data by Kowalczyk et al. 32 indicate potential side effects of high doses of topical CpdA, outside of its therapeutic window. Interestingly, Schoepe et al., 5 used low but still therapeutically active doses of topical CpdA (0.01%-0.001%) in hairless rats, and did not observe pro-proliferative CpdA activity. Thus, our results and literature data suggest the beneficial effect of lower therapeutic doses of CpdA, and indicate that use of high topical doses of CpdA should be avoided. One of the most prominent adverse effects of topical glucocorticoids is skin atrophy. [2] [3] [4] [5] 17, 38, 45 In our work we mostly focused on the epidermal compartment, and found that in contrast to glucocorticoid FA, CpdA did not induce epidermal hypoplasia. We recently discovered that induction of REDD1, a stress-inducible inhibitor of mTOR complex 1, by glucocorticoids, plays a critical role in skin atrophy. 17 In this study, we for the first time revealed a strong correlation between REDD1 induction in epidermis by GR ligands and animal sensitivity to epidermal hypoplasia. Overall, our data suggest that REDD1 has a potential as a reliable surrogate marker for steroid-induced skin atrophy.
In conclusion, our work confirmed unique ligand properties of GR selective activator CpdA in keratinocytes, provided proof of principle that anti-inflammatory and atrophogenic effects of GR signaling could be dissociated, and suggested the potential clinical applications of CpdA and its derivatives as novel topical anti-inflammatory compounds with reduced side effects for the treatment of dermatological patients. Taking into consideration the important role of inflammation in development of skin cancer 48, 49 and proven anti-cancer properties of CpdA, 1 CpdA and its derivatives could be considered for skin cancer treatment and prevention at the doses that do not affect keratinocyte proliferation.
